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Bicaudal-C (Bic-C) encodes an RNA-binding
protein required maternally for patterning the
Drosophila embryo. We identified a set of
mRNAs that associate with Bic-C in ovarian
ribonucleoprotein complexes. These mRNAs
are enriched for mRNAs that function in oogen-
esis and in cytoskeletal regulation, and include
Bic-CRNA itself. Bic-C binds specific segments
of the Bic-C 50 untranslated region and nega-
tively regulates its own expression by binding
directly to NOT3/5, a component of the CCR4
core deadenylase complex, thereby promoting
deadenylation. Bic-C overexpression induces
premature cytoplasmic-streaming, a posterior-
group phenotype, defects in Oskar and Kinesin
heavy chain:bGal localization as well as dor-
sal-appendage defects. These phenotypes are
largely reciprocal to those of Bic-C mutants,
and they affect cellular processes that Bic-
C-associated mRNAs are known, or predicted,
to regulate. We conclude that Bic-C regulates
expression of specific germline mRNAs by con-
trolling their poly(A)-tail length.
INTRODUCTION
Precise coordination of translational control and mRNA
localization regulates the temporal and spatial expression
of proteins that define the dorsal/ventral and anterior/
posterior axes of the Drosophila embryo (Johnstone and
Lasko, 2001; Riechmann and Ephrussi, 2001; Wilhelm
and Smibert, 2005). These axes are established during
oogenesis through the activities of the TGF-a homolog
Gurken (Grk) and subsequent posterior accumulation ofDevelopmeOskar (Osk) (Gonza´lez-Reyes et al., 1995; Roth et al.,
1995). During oogenesis, osk and grkmRNAs are localized
in particular regions of the oocyte cytoplasm, and their
localization is dynamic, highly regulated, and essential
for their developmental functions. Translation from both
of thesemRNAs is also under complex regulation (Wilhelm
and Smibert, 2005).
In wild-type oogenesis, rapid circular streaming of the
oocyte cytoplasm begins in late stage 10 and continues
until stage12,when thenurse cells transfer their cytoplasm
into the oocyte (Theurkauf, 1994). Cytoplasmic streaming
has been linked to osk localization, because its disruption
prevents anterior to posterior translocation of injected osk
mRNA in stage-10b to -11 oocytes (Glotzer et al., 1997).
Furthermore, Kinesin-1 mutants blocked specifically in
cytoplasmic streaming display an abnormal persistence
of osk in the center of stage-10 oocytes (Serbus et al.,
2005). Oocytes produced by females homozygous for
a hypomorphic orb allele (orbmel) initiate cytoplasmic
streaming prematurely (Martin et al., 2003). Because orb
encodes an RNA-binding protein related to Xenopus cyto-
plasmic polyadenylation element binding protein (CPEB),
this suggests that the timing of this process is regulated
through one or more mRNA intermediates.
Stability and translational activity of maternally tran-
scribed mRNAs are frequently regulated by cytoplasmic
proteins that affect their polyadenylation state. In Xenopus
oocytes,mos and cyclin B1mRNAs undergo cytoplasmic
elongation of their poly(A) tails at meiotic maturation, and
this induces their translation. Cytoplasmic polyadenyla-
tion requires CPEB; CPSF (Cleavage and Polyadenyla-
tion Specificity Factor) and Symplekin, two factors also
involved in nuclear polyadenylation; and Gld2, a cytoplas-
mic poly(A) polymerase (Barnard et al., 2004). Cytoplas-
mic poly(A)-tail elongation depends on phosphorylation
of CPEB at meiotic maturation. Before maturation, the
polyadenylation complex also contains PARN, a dead-
enylase whose activity appears to counterbalance Gld2-
dependent poly(A)-tail elongation (Kim and Richter, 2006).ntal Cell 13, 691–704, November 2007 ª2007 Elsevier Inc. 691
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mRNP, which has been proposed to result in the release
of PARN from the complex, thus leading to polyadenyla-
tion and translational activation.
Regulation of poly(A)-tail length also contributes to reg-
ulation of Drosophila mRNAs involved in axis patterning.
Orb has been implicated in cytoplasmic polyadenylation
of osk mRNA and accumulation of Osk protein at the
posterior pole of the oocyte (Chang et al., 1999; Juge
et al., 2002; Castagnetti and Ephrussi, 2003). There is no
Drosophila PARN ortholog, and the CCR4-NOT complex,
which contains the deadenylase CCR4, POP2, and four
NOT proteins, is the major deadenylase in Drosophila
(Temme et al., 2004). The CCR4-NOT deadenylation
complex can be recruited to specific mRNA targets in
Drosophila embryos, and in yeast, by RNA-binding pro-
teins such as Smaug, Nanos, and PUF-family members,
resulting in activated deadenylation (Semotok et al.,
2005; Jeske et al., 2006; Zaessinger et al., 2006; Gold-
strohm et al., 2006; Kadyrova et al., 2007). The mutant
phenotypes of twin, the gene encoding CCR4, and mea-
surements of cyclin A andBmRNA poly(A) tails in twinmu-
tants (Morris et al., 2005; Zaessinger et al., 2006), suggest
that regulated deadenylation also occurs in Drosophila
oogenesis, but an activator of the CCR4 deadenylase
complex in ovaries has not yet been identified.
Bic-C is required maternally for specifying anterior posi-
tion during early Drosophila development and for oo-
genesis (Mohler and Wieschaus, 1986; Schu¨pbach and
Wieschaus, 1991; Mahone et al., 1995). Females hetero-
zygous for Bic-C mutations produce embryos of several
different phenotypic classes, including bicaudal embryos
that consist only of a mirror-image duplication of 2–4 pos-
terior segments. Homozygous Bic-C females are sterile
because the centripetal follicle cells fail to migrate over
the anterior surface of the oocyte at stage 10. Most egg
chambers degenerate shortly after this event. Bic-C pro-
tein contains five KH (hnRNP K homology) domains and
a SAM (Sterile Alpha Motif) domain (Mahone et al.,
1995). KH and SAM domains are RNA-binding motifs
(Chmiel et al., 2006; Aviv et al., 2006; Johnson and
Donaldson, 2006). The KH and SAM domains can also
bind to domains of the same type (Smalla et al., 1999;
Ramos et al., 2002; Kwan et al., 2006), and SAM domains
can bind SH2 domains (Burd and Dreyfuss, 1994; Schultz
et al., 1997). Bic-C binds RNA homopolymers in vitro, and
a substitution mutation in its third KH domain (G296R)
results in substantially decreased RNA-binding activity
in vitro and a strong mutant phenotype in vivo (Saffman
et al., 1998). No specific target RNA for Bic-C has hereto-
fore been identified, although Osk accumulation is prema-
ture in homozygous Bic-C oocytes (Saffman et al., 1998).
Here, we report that Bic-C associates with Bic-CmRNA
in an ovarian mRNP complex and in gel-shift experiments,
and that it can repress its own expression in vivo. We over-
expressed Bic-C in germline cells, and we observed pre-
mature cytoplasmic streaming, abrogation of posterior
osk localization, and dorsal-appendage defects. The latter
phenotype was suppressed, and embryonic viability was692 Developmental Cell 13, 691–704, November 2007 ª2007 Eincreased, by mutations in twin. Furthermore, hiiragi [(hrg)
which encodes poly(A) polymerase] (Murata et al., 2001;
Juge et al., 2002) and orb mutations are potent dominant
enhancers of the Bic-C-overexpression phenotypes. Ac-
cordingly, we find a direct association between Bic-C and
the NOT3/5 subunit of theCCR4-NOT deadenylation com-
plex and show that Bic-C is required for poly(A)-tail short-
ening of endogenous Bic-C mRNA during early stages of
oogenesis. Our data show that Bic-C negatively regulates
target mRNAs, including Bic-C, by recruiting the CCR4-
NOT deadenylation complex, thus identifying an ovarian
activator of this complex. Moreover, our results provide di-
rect evidence in support of the hypothesis that Bic-C and
Orb act antagonistically to regulate poly(A)-tail lengths of
specific mRNA targets essential for embryonic patterning.
RESULTS
Bic-C Protein Associates In Vivo
with Its Own mRNA
Complexes containing Bic-C were isolated from ovarian
extracts by immunoprecipitation (IP) with affinity-purified
a-Bic-C. Coprecipitating mRNAs were identified by dif-
ferential-display reverse transcription PCR with various
combinations of primers that bind target sequences by
chance homology. Preimmune serum was used in parallel
IPs as a control for nonspecific binding. In this work, we
recovered a fragment of the Bic-C mRNA (corresponding
to nt 3664–3961 of Bic-C-RA) specifically from the Bic-C
IP over a broad range of salt concentrations (Figure 1A).
The association between Bic-C protein and mRNA was
confirmed from independent a-Bic-C IPs with Bic-C
-specific primers, whereas primers for the abundant cho-
rion protein 18 (cp18) transcript controlled for nonspecific
binding (Figure 1B). The interaction was resistant to high
concentrations of competitor tRNA, and recovery of a
PCR product required reverse transcriptase (Figure 1B).
We subsequently used two independent a-Bic-C anti-
bodies to isolateBic-C-containing complexes fromovarian
extracts.We identified copurifyingmRNAs by interrogating
microarrays representing 13,500 different Drosophila
genes. In these experiments, Bic-C mRNA displayed the
highest average enrichment over preimmune controls
(93-fold), confirming the differential-display results (Fig-
ure 1C). A complete list ofmRNAs enriched 4-fold or higher
in both immunoprecipitations is provided as Table S1 (see
the Supplemental Data available with this article online).
These mRNAs were used to query DAVID (Dennis et al.,
2003) to find themost prevalent geneontology (GO) groups
that were represented. Those recovered involved the cyto-
skeleton (microtubule-associated complex, microtubule
cytoskeleton, microtubule-based process, cytoskeleton),
regulation (of cellular, biological, or physiological pro-
cesses), transcription, oogenesis, and gametogenesis.
Bic-C Negatively Regulates Reporter Transgenes
Containing the Bic-C 50UTR
We generated Bic-C-lacZ transgenic fly lines that express
b-gal, flanked by the Bic-C 50 and 30 untranslated regionslsevier Inc.
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the transcript annotated as Bic-C-RA on FlyBase, whose
CDS extends from nt 899 to nt 3615), to study posttran-
scriptional regulation of Bic-C. Expression levels of b-gal
protein from these transgenes, which employed the
a-tubulin 67C transcriptional promoter (Ferrandon et al.,
1994; Thio et al., 2000), were dramatically higher in homo-
zygous Bic-CYC33-mutant ovaries than in wild-type (Fig-
ure 2A). Deletion of the Bic-C 30UTR did not disrupt
Bic-C-mediated repression, although modestly higher ex-
pression was observed in wild-type extracts (Figure 2A).
We confirmed these results by using a second series of
Bic-C-lacZ transgenes under the control of a different pro-
moter, otu (Tirronen et al., 1995). We found that otu-Bic-
C-lacZ transcripts bearing most of both Bic-C UTRs (nt
42–809 and nt 3673–4037 of the Bic-C-RA transcript)
were still subject to Bic-C-mediated repression (Fig-
ure 2B), indicating that the effect is promoter independent.
A different Bic-C mutant (Bic-CAA4) produced similar re-
sults (data not shown). In contrast, transcripts bearing
the Bic-C 30UTR but lacking the 50UTR were not overex-
pressed in Bic-C-mutant ovaries (Figure 2C). Analysis of
Figure 1. Bic-C Protein Associates with Bic-C mRNA In Vivo
(A) Radiolabeled RT-PCR products generated from Bic-C IPs (lanes 1,
3, and 5) or from preimmune sera IPs (lanes 2, 4, and 6) with Clontech
P1/T8 primers, isolated with 200 mM (lanes 1 and 2), 400 mM (lanes 3
and 4), or 800 mM NaCl (lanes 5 and 6) in the IP wash buffers. The
marked band corresponds to nucleotides 3664–3961 of Bic-C-RA.
(B) The presence of Bic-C mRNA within the Bic-C mRNP complex
was confirmed with transcript-specific primers for Bic-C. cp18
(an abundant ovarian transcript) serves as a specificity control.
(C) Enrichment of Bic-C RNA in immunoprecipitations versus preim-
mune controls, as assessed onmicroarrays.Bic-Cwas themost highly
enriched RNA out of 13,500 queried.Developmesmaller deletions within the Bic-C 50UTR indicated that
nt 30–102 (Figure 2D) and nt 122–184 (Figure 2E) are
essential for Bic-C-mediated repression, whereas nt 292–
487 had only a modest effect (Figure 2F), and nt 515–789
had no detectable effect (data not shown) on Bic-C-medi-
ated repression. (Nucleotides 18–4013 of the Bic-C cDNA
used in our experiments correspond to nt 42–4037 of Bic-
C-RA.) Transcripts containing the Bic-C 50UTR and the
fs(1)K10 30UTR were still overexpressed in Bic-C-mutant
ovaries (Figure 2G); however, deletion of the 50UTR from
this transgene abolished Bic-C-mediated repression and
resulted in somewhat higher levels of expression in wild-
type ovaries than in Bic-C mutants (Figure 2H). Northern
blotting indicated that otu-Bic-C-lacZ transcript levels are
elevated in Bic-C-mutant ovaries (Figure 2I), and that the
effect is promoter independent, because the level of en-
dogenous otu mRNA does not increase in Bic-C-mutant
ovaries (Figure 2I). Taken together, these results strongly
suggest that Bic-C negatively regulates its own expression
by specific binding to cis-acting elements within or partially
overlapping with nt 30–184.
Bic-C Binds to Specific Segments
of the Bic-C 50UTR
We prepared 32P-labeled transcripts from several cDNA
segments to determine whether any regions of the Bic-C
50 and 30UTRs bind to Bic-C. We used these transcripts
in electrophoretic mobility shift assays with purified His6-
or GST-tagged Bic-C protein (Figure 3F). GST-Bic-C
bound in a concentration-dependent manner to RNAs
corresponding to nt 49–171 and nt 410–546 (Figures 3A
and 3B). GST-Bic-C also exhibited a much lower level of
binding to other segments of the 50 and 30UTRs (data not
shown). Because nt 49–171 fall within the region impli-
cated in Bic-C autoregulation by the reporter transgenes,
we concentrated our additional analysis on this fragment.
His6-Bic-C binding to nt 49–171 could be efficiently com-
peted away with the addition of excess unlabelled RNA
corresponding to the same sequence, but not with RNA
molecules corresponding to other regions of the Bic-C
50UTR (Figure 3C). We added increasing amounts of affin-
ity-purified a-Bic-C (antiserum specificity control shown in
Figure 3G) or a-GST to determine whether migration of the
complexeswas further retarded. In both cases (Figures 3D
and 3E), the addition of antisera decreased the intensity of
the band corresponding to the GST-Bic-C:RNA complex,
and increased the intensity of a larger band that repre-
sents the GST-Bic-C:RNA complex in association with
antibody proteins.
Overexpression of Bic-C Antagonizes
Pole-Plasm Assembly, Posterior Patterning,
and Pole-Cell Specification
The existence of a mechanism by which Bic-C negatively
regulates its own expression implies that precise control
of the Bic-C level is essential for normal oogenesis. We
reasoned that loss of Bic-C autoregulation might lead to
female sterility due to constitutive overexpression. There-
fore, we used an inducible system to simulate thental Cell 13, 691–704, November 2007 ª2007 Elsevier Inc. 693
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(A) Titration of GST-Bic-C (lanes 2–6) binding to nt 49–171 of Bic-C cDNA (corresponding to nt 73–195 of Bic-C-RA). Lane 1, labeled RNA alone. The
arrow indicates the gel-shifted complex.
(B) Titration of GST-Bic-C (lanes 2–6) binding to nt 410–546 ofBic-C cDNA (corresponding to nt 434–570 ofBic-C-RA). Lane 1, labeled RNA alone. The
arrows indicate two Bic-C:RNA complexes.
(C) Competition experiment showing specificity of His6-Bic-C binding to nucleotides 49–171 of the Bic-C cDNA.
(D and E) Addition of affinity-purified anti-Bic-C ([D], lanes 4 and 5) or purified anti-GST ([E], lanes 4 and 5) antibody supershifts (SS) the GST-
Bic-C:RNA complex (S); compare lanes 4 and 5 with lane 3. Preimmune serum was used as a negative control (data not shown).
(F) Elution profile (lanes 1–5) of recombinant GST-Bic-C purified from E. coli. The molecular weight marker (m), a fraction of the column void volume,
and a reference amount of purified BSA (1 mg) are indicated.
(G) Western blot of ovarian extracts from 6-hr-old Oregon-R wild-type (lane 1) or Bic-CYC33 homozygotes (lane 2) probed for Bic-C and a-Tubulin
showing the specificity of the Bic-C antiserum.consequences of abrogating Bic-C autoregulation. We
produced transgenic flies carrying UASP-Bic-C trans-
genes that contained the full Bic-C open reading frame
(ORF) but lacked the 50 and 30UTRs and contained the
fs(1)K10 30UTR. Germline expression was achieved by us-
ing a nosGAL4::vp16 driver (Van Doren et al., 1998). OnlyDevelopmen5% of eggs produced by Bic-C-overexpressing females
(hereafter referred to as Bic-C O/E embryos) hatched,
and 50% of the eggs that were laid did not initiate nuclear
divisions. Most of the remaining embryos exhibited fusion
and/or loss of posterior segments, as revealed in cuticle
preparations (data not shown) and by in situ hybridizationFigure 2. Bic-C Autorepression Is Mediated through cis Elements within Its 50UTR
(A) Western blots of ovarian extracts from wild-type and homozygous Bic-CYC33 females, each bearing two copies of an a-Tub67C-Bic-C-lacZ
reporter transgene with the complete Bic-C 50 and 30UTR (left panel) or with the Bic-C 50UTR alone (right panel). b-gal protein is increased in the
Bic-C-mutant extracts as compared to wild-type, whereas eIF4A levels are equivalent.
(B–H) X-Gal staining of wild-type and homozygous Bic-CYC33-mutant ovaries, each bearing two copies of the otu-Bic-C-lacZ reporter transgenes
illustrated.
(I) Northern blots of 10 mg total ovarian RNA from wild-type and Bic-CYC33 females show that otu-Bic-C-lacZ reporter transcript levels increase in
Bic-C-mutant ovaries compared to endogenous otu and RpS15A mRNAs.tal Cell 13, 691–704, November 2007 ª2007 Elsevier Inc. 695
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types are reciprocal to those of embryos produced by fe-
males with reduced Bic-C function, in which anterior pat-
terning is lost and posterior patterning is duplicated. Since
posterior patterning is linked to pole-cell formation, we
stained 3- to 6-hr-old embryos for Vasa (Vas) (Lasko
and Ashburner, 1990), a pole-cell marker. We found that
67% of the Bic-C O/E embryos that survived to gastrula-
tion lacked pole cells, and the remainder contained an
average of only 10, versus 30 in wild-type controls (Figures
4D–4F). We next analyzed the distribution of osk by in situ
hybridization in 0- to 2-hr-old embryos. In contrast to wild-
type (Figure 4G), >90% of Bic-C O/E embryos did not de-
tectably localize osk (Figure 4H), whereas the remainder
displayed an extremely weak posterior accumulation (Fig-
ure 4I). Anterior localization of bcdmRNAwas only slightly
weaker in 0- to 2-hr-old Bic-C O/E embryos (Figure 4K)
than in wild-type controls (Figure 4J).
Bic-C Overexpression Alters Oocyte Polarity
and Initiates Premature Cytoplasmic Streaming
In wild-type oocytes, osk mRNA begins to accumulate at
the posterior cortex during stage 8 (Figure 4L) and remains
anchored through stage 10 (Figure 4M) and the remainder
of oogenesis. We found that Bic-C overexpression dis-
rupts posterior accumulation of osk from stage 8 onward
(Figure 4N), as well as posterior localization of the pole-
plasm components Vas and Aubergine (data not shown).
To determine if this reflects an underlying defect in oocyte
polarity, we analyzed the distribution of a fragment of kine-
sin heavy chain fused to b-gal (Khc:b-gal) (Clark et al.,
1994). In wild-type oocytes, Khc:b-gal accumulates, in
a microtubule-dependent manner, at the posterior of the
oocyte during stages 9 and 10 (Figure 4O). Posterior ac-
cumulation of Khc:b-gal was not detectable in > 90% of
stage 9 and 10 oocytes overexpressing Bic-C (Figure 4P).
Posterior Osk accumulation was normal when the G296R-
mutant form of Bic-C was overexpressed, suggesting that
the overexpression phenotype depends on an interaction
between Bic-C and RNA (Figures 4Q–4S). To determine if
Bic-C overexpression disrupts posterior patterning
through an effect on cytoplasmic streaming, we compared
time-lapsed confocal images of autofluorescent yolk gran-
ules in wild-type and Bic-C-overexpressing oocytes. A se-
ries of 15 images taken at 4 s intervals were superimposed
to generate a single image. In a wild-type stage-9 egg
chamber, the stationary yolk granules appear as dots (Fig-
ure 4U), whereas in a stage-8 oocyte overexpressing Bic-
C, the yolk granules appear as curved lines due to the rapid
circular movement of the cytoplasm (Figure 4V).
In addition to disrupting posterior patterning, mutations
that induce premature cytoplasmic streaming disrupt grk
mRNA localization and dorsal/ventral patterning, resulting
in dorsal-appendage defects (Manseau and Schu¨pbach,
1989; Neuman-Silberberg and Schu¨pbach, 1993). Eggs
produced by females overexpressing Bic-C also exhibited
defects in dorsal-appendage morphology. Approximately
60% of such eggs completely lacked dorsal appendages,
whereas the others either had fused dorsal appendages696 Developmental Cell 13, 691–704, November 2007 ª2007 E(25%) or two dorsal appendages that were often abnor-
mally short and/or thin (15%). Reduction of endogenous
Bic-C (in a Bic-CYC33/+ genetic background) suppressed
the dorsal-appendage defects caused by Bic-C overex-
pression, increasing the fraction of eggs with two dorsal
appendages to 34%. This indicates that endogenous
Bic-C contributes to the molecular events that produce
these defects.
Bic-C-Overexpression Phenotypes Are Modified
by Mutations Affecting mRNA Poly(A)-Tail
Length Control
Previous studies have established that Bic-C and Orb can
coprecipitate in ovary extracts, and that orb mutations
dominantly suppress Bic-C mutations (Castagnetti and
Ephrussi, 2003), suggesting that Bic-C and Orb may act
antagonistically within a common complex. Consistently,
the defects caused by Bic-C overexpression are strikingly
similar to those previously described for hypomorphic orb
mutants (Lantz et al., 1994; Martin et al., 2003). To deter-
mine if Bic-C overexpression produces orb-like pheno-
types by antagonizing orb function, we investigated
whether reducing orb activity in the context of Bic-C
overexpression would enhance the Bic-C-overexpression
phenotype. We used a weaker Bic-C-overexpression line
for these experiments, to permit the detection of potential
genetic enhancements. We found that in an orbF343/+ ge-
netic background, Bic-C-overexpressing females were
virtually sterile and produced almost no eggs (1.2%) with
two dorsal appendages. Similar but slightly less extreme
results were obtained from the hypomorphic orbmel allele
(Table 1). Neither orb allele displayed any dominant
phenotypes in the absence of Bic-C overexpression.
Orb acts to promote cytoplasmic polyadenylation of osk
mRNA together with the canonical poly(A) polymerase
(PAP) encoded by hrg (Juge et al., 2002). A Gld2-type
poly(A) polymerase is also expressed in Drosophila ova-
ries, but it functions in cytoplasmic polyadenylation in later
stages of development than does PAP (P.B. and M.S.,
unpublished data). We therefore asked if reduction of
the PAP dosage would enhance Bic-C-overexpression
phenotypes, and we indeed found that these phenotypes
were dramatically enhanced in a hrgPAP45/+ genetic back-
ground (Table 1). Conversely, the dorsal-appendage de-
fects induced by Bic-C overexpression were almost com-
pletely rescued when the level of CCR4 deadenylase was
reduced, in a twinKG00877/+ genetic background (Temme
et al., 2004), and survival to hatching also greatly in-
creased (Table 1). Consistent with these results, the
hatching frequency of embryos produced by Bic-C/+ fe-
males was greatly reduced if these females were also het-
erozygous for a twin allele (Table 1). These results indicate
that poly(A)-tail regulation is a critical aspect of endoge-
nous Bic-C function.
Bic-C Directly Interacts with NOT3/5,
a Component of the CCR4 Core Complex
Using a full-length Bic-C yeast two-hybrid ‘‘bait’’ con-
struct, we screened 107 clones in an ovarian cDNA library,lsevier Inc.
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Bic-C Autoregulation and Oocyte PatterningFigure 4. Bic-C Overexpression Antagonizes Posterior Patterning and Pole-Cell Specification by Disrupting Posterior Accumula-
tion of osk mRNA, Altering Oocyte Polarity, and Initiating Premature Cytoplasmic Streaming during Oogenesis
(A–C) In situ hybridization with an antisense ftz probe illustrates defects in posterior patterning in the progeny of Bic-C-overexpressing females.
(D–F) Immunostaining of 3- to 6-hr-old embryos with a-Vas demonstrates the absence or severe reduction in pole cells in the progeny of
Bic-C-overexpressing females.
(G–I) In situ hybridizations indicate that posterior accumulation of osk mRNA is reduced or undetectable in 0- to 2-hr-old embryos produced by
Bic-C-overexpressing females.
(J and K) Bic-C overexpression does not substantially affect the anterior accumulation of bcd mRNA in 0- to 2-hr-old embryos.
(L–N) Posterior localization of oskmRNA is visualized bywhole-mount in situ hybridization in wild-type (L) stage-8 and (M) stage-10 egg chambers. (N)
Posterior localization of osk mRNA is undetectable in similarly staged egg chambers from Bic-C-overexpressing females.
(O and P) (O) In wild-type stage-10 oocytes, kinesin heavy chain:b-gal (Khc:b-gal; green) is localized to the posterior cortex, where Osk protein (red) is
translated. (P) In Bic-C-overexpressing egg chambers, posterior accumulation of both Khc:b-gal and Osk is undetectable.
(Q–S) (Q) Confocal microscopy images of an early stage-10 egg chamber from a wild-type female shows posterior accumulation of Osk (green) and
endogenous Bic-C expression (red). DNA is visualized by DAPI staining (blue). (R) In a similarly staged egg chamber from a Bic-C-overexpressing
female, posterior accumulation of Osk is not detectable. (S) In a similarly staged egg chamber from a female overexpressing Bic-CG296R, posterior
accumulation of Osk is readily apparent.
(T) Western blots showing that Bic-C is expressed from transgenes at physiological levels and that the lack of phenotypes in Bic-CG296R O/E does not
result from a lack of expression. The endogenous Bic-C protein level in Oregon-R ovaries (lane 1) is similar to that achieved from UASP-Bic-C in
a homozygous Bic-CYC33 protein null background (lane 3, Bic-CYC33 control in lane 2). UASP-Bic-CG296R is expressed at appreciably higher levels
(lane 4). a-Tubulin was used as a loading control.
(U and V) Autofluorescent yolk granules were visualized at 4 s intervals for a total of 1 min, and the images were superimposed to illustrate yolk move-
ment. Yolk particles are relatively static in a (U) wild-type stage-9 oocyte but are far more dynamic in a (V) stage-8 Bic-C-overexpressing oocyte.Developmental Cell 13, 691–704, November 2007 ª2007 Elsevier Inc. 697
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Bic-C Autoregulation and Oocyte PatterningTable 1. Bic-C-Overexpression Phenotypes Are Dominantly Enhanced by orb and hrgMutants and Dominantly
Suppressed by Mutations in twin, Whereas Bic-C-Mutant Phenotypes Are Enhanced by twinMutations
Maternal Genotype
Hatching Frequency Percentage with Specified Dorsal-Appendage Number
% n 0 1 2 n
orb F343/+; nosGal4::VP16/+ 97 803 0 0 100 803
orbmel/+; nosGal4::VP16/+ 98 696 0 0 100 696
hrgpap45/+; nosGal4::VP16/+ 93 253 0 0 100 253
+/+; nosGal4::VP16/twinKG00877 86 319 0 0 100 319
UASP-Bic-C/+; nosGal4::VP16/+ 36 2194 20.9 15.9 63.2 1652
UASP-Bic-C/orbF343; nosGal4::VP16/+ 1 692 70.8 28.0 1.2 692
UASP-Bic-C/orbmel; nosGal4::VP16/+ 21 822 26.7 42.7 30.6 559
UASP-Bic-C/hrgpap45; nosGal4::VP16/+ 7 586 55.3 15.3 29.4 542
UASP-Bic-C/+; nosGal4::VP16/twinKG00877 78 1371 0.7 1.1 98.2 699
twin8115/+ 89 495
twin12209/+ 95 720
Bic-CAA4/+ 93 651
Bic-CAB79/+ 98 627
Bic-CAA4/+; twin8115/+ 38 1416
Bic-CAA4/+; twin12209/+ 44 1291
Bic-CAB79/+; twin8115/+ 34 1713
Bic-CAB79/+; twin12209/+ 37 795and we recovered four independent clones of NOT3/5,
which encodes a component of themajormRNAdeadeny-
lase (Temme et al., 2004). The other genes recoveredmore
than once were giant nuclei (33 clones),ME31B (5 clones),
CG2503 (4 clones), andCG7129 (10 clones). A direct inter-
action between Bic-C and NOT3/5 was confirmed by
in vitro binding assays, by using purified recombinant pro-
teins, in which free GST-NOT3/5-His bound specifically to
immobilizedMBP-Bic-C fusion protein, and freeMBP-Bic-
C specifically bound to beads containing GST-NOT3/5-
His (Figure 5A). To verify the interaction between Bic-C
and the deadenylase machinery in vivo, Bic-C was immu-
noprecipitated from wild-type ovarian extracts and from
ovarian extracts containing an HA-tagged CCR4 (CCR4-
HA) (Semotok et al., 2005). Western blot of coprecipitating
proteins revealed that both CCR4-HA andNOT3/5 form an
RNase-resistant complex with Bic-C (Figure 5B). We also
confirmed that coimmunoprecipitation of CCR4-HA with
a-Bic-C was dependent on the presence of Bic-C in the
extract (Figure 5C).
Bic-C Poly(A)-Tail Length Is Regulated In Vivo
by Bic-C Activity
In wild-type egg chambers, endogenousBic-C poly(A)-tail
length dramatically increased in stages 9 and 10. This
increase was not detectable when Bic-C was overex-
pressed. Bic-C overexpression also led to a modest
reduction in poly(A)-tail length in earlier stages of oogene-
sis (Figure 5D). However, it did not lead to complete deg-
radation of the poly(A) tail because a short tail with698 Developmental Cell 13, 691–704, November 2007 ª2007an average length of 20 nt remained. Consistent with
this, endogenous Bic-C mRNA was not destabilized
when Bic-C was overexpressed (Figure 5D). The effects
of Bic-C overexpression on poly(A)-tail length were not
universal because a control mRNA, rp49, was unaffected.
In the Bic-CAB79mutant, we observed an increase in aver-
age Bic-C poly(A)-tail length in early oogenesis (Figure 5E,
right panel), consistent with a role of Bic-C in stimulating
deadenylation of Bic-CmRNA in germarium-stage-8 ova-
ries. However, in stages 9 and 10, rather than observing an
increase in poly(A)-tail length, we observed a clear de-
crease (Figure 5E) in Bic-C mutants, suggesting that Bic-
C may influence poly(A)-tail lengths in different ways at
different developmental stages. Given the direct interac-
tion between Bic-C and the CCR4 deadenylase complex,
Bic-C is expected to activate CCR4-dependent deadeny-
lation. We verified that CCR4 activity is implicated in Bic-
C-dependent deadenylation by measuring Bic-C mRNA
poly(A)-tail lengths in germarium-stage-8 egg chambers
from two different twin alleles (Zaessinger et al., 2006).
In both mutants, we observed a modest increase in the
average Bic-C poly(A)-tail length (Figure 5F) that was
comparable to that obtained with the Bic-CAB79 mutant.
We determined if Bic-C promoted deadenylation of other
mRNAs found to be in complex with Bic-C protein (Fig-
ure 6) by measuring poly(A) tails of six of these mRNAs
in wild-type and Bic-CAB79 germarium-stage-8 egg cha-
mbers. Among the six tested mRNAs, four were found to
have elongated poly(A) tails in the Bic-CAB79 mutant
(Figure 6).Elsevier Inc.
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deadenylation of specific mRNAs during early oogenesis.
DISCUSSION
We have presented several lines of evidence indicating
that Bic-C negatively regulates its own expression by
binding to an element within its 50UTR and recruiting the
CCR4 deadenylase complex through a direct association
with NOT3/5. Several other RNA-binding proteins, such as
Nova-1, FMR1P, HuD, PABP, and Orb, bind specifically to
their own mRNAs, and, in most cases, these interactions
are autoregulatory (Li et al., 2001; Schaeffer et al., 2001;
Dredge et al., 2005). Posttranscriptional mechanisms of
autoregulationmay provide ameans of ‘‘fine tuning’’ levels
of regulatory RNA-binding proteins with respect to their
target mRNAs, creating the proper equilibrium between
silenced and active targets.
Bic-C-mediated autoregulation is likely essential for
development, as overexpression of Bic-C in the female
germline induced premature cytoplasmic streaming,
which, in turn, produced defects in pole-plasm assembly,
posterior patterning, and dorsal-appendage formation.
These phenotypes are largely reciprocal to those observed
when Bic-C function is reduced, and they are suppressed
by reduction of endogenous Bic-C activity. Although the
nos::vp16 promoter we used to drive our UASP-containing
transgenes does not recapitulate the normal transcriptional
regulation of Bic-C, the level of Bic-C expression it sup-
ports is approximately equal to that of wild-type
(Figure 4T). We did not attempt to overexpress Bic-C
from its own promoter, because we anticipated that doing
so in a noninducible manner would result in dominant fe-
male sterility resulting from the overexpression phenotypes
we observed. Germline expression of the UASP-Bic-C
transgene restored fertility to Bic-CYC33-homozygous fe-
males (data not shown), albeit at a low frequency, possibly
due to a lack of fine-tuned regulation, as overexpression
phenotypes were observed. This demonstrates that the
Bic-C protein produced from UASP-Bic-C is functional.
Furthermore, we observed a decrease in the frequency
and severity of dorsal-appendage defects induced by
Bic-C overexpression through a concomitant reduction of
endogenous Bic-C dosage. We are thus confident that
the phenotypes observed upon Bic-C overexpression re-
sult from an increase in the wild-type function of Bic-C.
Bic-C-overexpression phenotypes suggest that its tar-
gets include mRNAs involved in regulating the onset of
rapid cytoplasmic streaming. Consistent with this, overex-
pression of Bic-CG296R, a form with reduced RNA-binding
activity (Saffman et al., 1998), did not affect cytoplasmic
streaming. While we cannot exclude the possibility that
the G296R mutation abrogates other unknown functions
of Bic-C, it is noteworthy that several mRNAs that
coimmunoprecipated with Bic-C (par-1, Cp190, Cip4,
Klp10A, RhoGAP18B, and CG17293) have proven or pre-
dicted roles in regulating the actin or tubulin cytoskeleton.
It will be important to determine in future experiments
whether Bic-C influences cytoplasmic streaming throughDevelopmena regulatory effect on one or more of these potential target
mRNAs.
Our results identify Bic-C as an activator of the CCR4
deadenylase complex. Recent data indicate that this com-
plex can be targeted to mRNAs through interactions be-
tween different RNA-binding proteins and several of its
subunits. PUF proteins interact with the POP2/CAF1 sub-
unit of the complex (Goldstrohm et al., 2006; Kadyrova
et al., 2007), as is also likely for Smaug (Semotok et al.,
2005; Zaessinger et al., 2006), whereas Nanos binds the
NOT4 subunit to recruit the complex toCyclinB 30UTR (Ka-
dyrova et al., 2007). We now find that Bic-C directly asso-
ciates with the NOT3/5 subunit. We speculate that the abil-
ity of different RNA-binding proteins to target different
components of the CCR4 complex provides additional reg-
ulatory independence and diversity. An uncommoncharac-
teristic of activated deadenylation by Bic-C is that binding
to the 50UTR of the regulated mRNA is required, whereas
recruitment of the deadenylation complex by other regula-
tory proteins occurs through 30UTRs (Goldstrohm et al.,
2006; Zaessinger et al., 2006; Kadyrova et al., 2007). Circu-
larization of mRNAs through an association between
poly(A)-binding protein and eukaryotic initiation factor 4G,
which is part of the 50 cap-binding structure, places the 50
and 30UTRs in close juxtaposition and enables them to
function coordinately. Therefore, 30UTR-binding proteins
influence translation initiation (Mazunder et al., 2003). Con-
versely, we demonstrate that Bic-C interacts with elements
in the 50UTR and influences poly(A)-tail length. Consistent
with this, direct targeting of the yeast CCR4 deadenylation
complex to a reporter mRNA results in its rapid decay, re-
gardless of whether the targeting site is in the 30 or 50UTR
of the reporter (Finoux and Se´raphin, 2006).
orbmutants produce a premature cytoplasmic-stream-
ing phenotype similar to that of Bic-C overexpression
(Martin et al., 2003), reduction of orb activity suppresses
Bic-C-mutant phenotypes (Castagnetti and Ephrussi,
2003), and we observed a remarkable enhancement of
the Bic-C-overexpression phenotype in a heterozygous
orb-mutant background. Because Bic-C overexpression
disrupts posterior recruitment of pole-plasm components
prior to any detectable effects on Orb levels or distribution
(data not shown), we conclude that Bic-C and Orb directly
regulate the expression of a common set of targetmRNAs,
rather than Bic-C operating solely through an effect on orb
mRNA itself. Consistent with this, Bic-C and Orb proteins
have been found in coimmunoprecipitation experiments
to be in commonmRNP complexes in ovaries (Castagnetti
and Ephrussi, 2003, data not shown). Orb has a role in
cytoplasmic polyadenylation of osk mRNA (Chang et al.,
1999; Castagnetti and Ephrussi, 2003), and genetic inter-
actions suggest that Orb achieves this function together
with PAP (Juge et al., 2002). Taken together, these data
support the model that regulation of the poly(A)-tail length
of specific mRNAs results from concomitant polyadenyla-
tion and deadenylation regulated by specific RNA-binding
proteins (Zaessinger et al., 2006). Consistent with this, in
Xenopus oocytes, PARN deadenylase is present in the
cytoplasmic polyadenylation complex and counteractstal Cell 13, 691–704, November 2007 ª2007 Elsevier Inc. 699
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Bic-C Autoregulation and Oocyte PatterningFigure 5. Bic-C Binds Directly to NOT3/5 In Vitro and Associates with Components of the CCR4Deadenylase Complex In Vivo, and
Bic-C Activity Affects the Poly(A)-Tail Length of Endogenous Bic-C mRNA
(A) Retention of GST-NOT3/5-His is substantially higher on MBP-Bic-C beads than on equivalently loaded MBP beads (left panel). MBP-Bic-C is
retained on GST-NOT3/5-His beads, but not on equivalently loaded GST-His beads (right panel).700 Developmental Cell 13, 691–704, November 2007 ª2007 Elsevier Inc.
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Bic-C Autoregulation and Oocyte PatterningFigure 6. Bic-C Has a Role in Deadenylation of mRNAs Found in Complex with Bic-C Protein
PAT assays of wild-type and Bic-CAB79 germarium-stage-8 egg chambers. Bic-C and rp49 poly(A) tails are shown as references (left panels). Poly(A)
tails ofCG7082,CG5366,MED17, disconnected, Klp10A, andCG7911were analyzed. Poly(A) tails inBic-CAB79 early egg chambers were longer than
those in wild-type for CG7082, CG5366, MED17, and disconnected.polyadenylation prior to meiotic maturation (Kim and
Richter, 2006). Both deadenylation and polyadenylation
depend on CPEB, the Orb homolog that interacts with
both PARN deadenylase and Gld2 poly(A) polymerase
(Barnard et al., 2004; Kim and Richter, 2006). A role in
translational repression has not yet been described for
Orb, but our observations that Bic-C is involved both in
direct activation of deadenylation by CCR4, and also in
poly(A)-tail length elongation in later oogenesis, suggests
that it is central to poly(A)-tail length regulation and poten-
tially responsible for a switch in the balance between
deadenylation and polyadenylation. This switch appears
to take place at mid-oogenesis, before stage 9, for Bic-C
mRNA, but it could be timed differently for other mRNA
targets. The transition from promoting deadenylation to
promoting polyadenylation could depend on specific reg-
ulatory proteins bound to each mRNA and/or on post-
translational modifications to Bic-C itself.
EXPERIMENTAL PROCEDURES
Antibody Production
An EcoRI fragment encompassing nt 894–3648 of Bic-C-RA, contain-
ing the entire open reading frame (ORF), was subcloned into pGEX-3X
(GE Healthcare) to produce a GST-Bic-C fusion protein that wasDevelopmeexpressed in E. coli BL21 cells and purified from inclusion bodies as
described (Sambrook and Russell, 1989). The purified fusion protein
was injected subcutaneously into rabbits to generate anti-Bic-C sera
that were then affinity purified against full-length GST-Bic-C coupled
to AffiGel (BioRad).
Isolation of Bic-C-Associated mRNAs
Bic-C-associated mRNAs were recovered from Oregon-R ovarian
extracts by immunoprecipitation and were analyzed by differential-
display PCR or on microarrays. Ovaries were hand dissected from
well-fed 2- to 3-day-old Oregon-R females; homogenized in an equal
volume of 23 lysis buffer (100 mM Tris [pH 7.5], 500 mM NaCl,
5 mM MgCl2, 4 mM DTT, 23 complete protease inhibitor cocktail
(Roche), 2 mM PMSF, 2 U/ml RNA Guard (GE Healthcare) on ice; and
microfuged for 20min at 13,000 rpm at 4C. Supernatants were diluted
to 1 mg/ml with ice-cold 13 lysis buffer containing 0.5% Triton X-100,
precleared against 50 ml equilibrated protein-A-Sepharose (ePAS; GE
Healthcare) per milligram of extract for 1 hr at 4C (rotating). Cleared
extracts were transferred to fresh tubes, mixed with 8 ml of either
a-Bic-C or preimmune sera, and rotated at 4C for 3 hr. A total of
30 ml ePAS was added, and the solution was incubated for 3 hr at
4C and centrifuged for 2 min (2000 rpm at 4C). Pellets were rinsed
with 1 ml ice-cold wash buffer (WB, 50 mM Tris [pH 7.5], 200–800
mM NaCl, 0.5% Triton X-100), washed three times (15 min per wash)
at 4C with 1 ml WB with 1 mg/ml heparin, rinsed three times with
1 ml WB, resuspended in 300 ml RNase-free ddH2O, extracted with
phenol/chloroform, and finally ethanol precipitated overnight at
20C with 20 mg glycogen. For differential-display analysis, RNA(B) Ovarian extracts were prepared from transgenic flies expressing HA-tagged CCR4 (top panel) and wild-type flies (middle and bottom panels). Bic-
C coimmunoprecipitated with HA-CCR4 and NOT3/5 in an RNase-resistant manner, but did not coimmunoprecipitate with a control protein (Vasa).
(C) CCR4-HA is found in a-Bic-C immunoprecipitates from extracts containing Bic-C (wild-type), but not from Bic-C-deficient extracts (Bic-CYC33).
(D) PAT assays and RT-PCR of Bic-CmRNA showing that Bic-C poly(A) tails are shortened when Bic-C is overexpressed in ovaries, and that Bic-C
mRNAwas not destabilized. Primers used for PCRwere specific for endogenousBic-CmRNA and did not recognizemRNA expressed from the trans-
gene. rp49 mRNA was used as a control.
(E) PAT assays of Bic-CmRNA showing that Bic-C poly(A) tails are elongated in Bic-CAB79 early egg chambers. Bic-CAB79 is a strong allele resulting
from a deletion in the open reading frame (Saffman et al., 1998). rp49 mRNA was used as a control.
(F) PAT assays of Bic-C mRNA showing that poly(A) tails are elongated in twin-mutant early egg chambers. twinKG/Df is twinKG877/Df(3R)crb-F89-4.
PAT assays were quantified with ImageJ.ntal Cell 13, 691–704, November 2007 ª2007 Elsevier Inc. 701
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Bic-C Autoregulation and Oocyte Patterningsamples were reverse transcribed with random hexamers and Super-
ScriptII reverse transcriptase (Invitrogen) as directed by the manufac-
turer. A total of 10%of each sample served as template for differential-
display PCR reactions, by following themanufacturer’s protocol (Clon-
tech). Products of interest were excised from dried gels, reamplified,
cloned into the pGEMT vector (Promega), and sequenced. For analysis
with transcript-specific primers, RNA was recovered from a-Bic-C and
control IPs as described above, except the IP/WB contained 250 mM
NaCl and 2.5 mMMgCl2. Total (input) RNA was isolated from the ovar-
ian lysate with Trizol (Invitrogen) by following the manufacturer’s in-
structions. RNA samples were reverse transcribed as described
above, and 10% of each single-stranded DNA sample served as tem-
plate for PCR. For microarray analysis, IPs and RNA recovery were
performed as described above, but with 8.75 ml of 5 mg/ml ovary ex-
tract for each IP. A total of 300 ml affinity-purified a-Bic-C or preimmune
sera (from rabbit 2428) or 560 ml a-Bic-C or preimmune sera (from rab-
bit 2429) were each precoupled to 70 ml or 200 ml PAS and washed ex-
tensively before use in subsequent IPs. IP/WB contained 400 mM
NaCl. All of the RNA recovered from each sample was processed
and hybridized to GeneChipR Drosophila genome arrays (Affymetrix)
as described by Bethin et al. (2003). Scanned images were analyzed
by using the dChip analysis software (Li and Wong, 2003).
Bic-C-lacZ Reporter and UASP-Bic-C Constructs
Procedures used to generate these constructs are provided as
Supplemental Data.
Antibody Stainings, In Situ Hybridizations,
and X-Gal Stainings
In situ hybridizations were performed as described by Kobayashi et al.
(1999), except that samples were permeabilized and re-fixed as
described in method A (without Proteinase K treatment) of Nagaso
et al. (2001). Antibody stainings were performed as described in
Hawkins et al. (1997) for Grk staining, except H2O2 treatment in meth-
anol was omitted. Dilutions of primary antibodies were: a-Bic-C,
1:1000; a-b-gal (Sigma), 1:1000; a-Orb (clone 4H8, hybridoma bank),
1:25; a-Osk, 1:1000; a-Vas, 1:2000. Primary antibodies were detected
by using Alexa Fluor 488 anti-mouse (1:500) and Alexa Fluor 596 anti-
rabbit (1:500) (Molecular Probes), preadsorbed overnight to wild-type
ovaries. DNA was visualized by DAPI staining. Confocal images were
acquired with a Zeiss LSM-510 microscope. For X-Gal staining, ova-
ries were hand dissected from well-fed 2- to 3-day-old wild-type and
Bic-CYC33-homozygous females, each bearing two copies of the re-
spective Bic-C-lacZ transgenes. They were fixed for 10min in buffered
1% glutaraldehyde, rinsed twice, and incubated at 37C in staining
solution (dissection buffer with 3 mM K3Fe(CN)6, 3 mM K4Fe(CN)6,
and 0.2% X-Gal) until color developed. In all cases, control andmutant
ovaries were developed for the same amount of time.
Northern and Western Blots
Northern and western blots were performed by using standard tech-
niques (Sambrook and Russell, 1989). Immunoreactive proteins on
western blots were detected by chemiluminescence (NEN). Dilutions
of primary antibodieswere: a-b-Gal, 1:1000; a-deIF4A, 1:2000; a-Bic-C,
1:5000; a-HA (Sigma), 1:1000; a-NOT3/5, 1:1000, a-Vas, 1:2000;
a-MBP (NEB), 1:1000; a-GST (GE Life Sciences), 1:1000.
Yeast Two-Hybrid Screen
The yeast two-hybrid screen was carried out by using the LexA system
and an ovarian cDNA ‘‘prey’’ library as described by Carrera et al.
(2000).
Poly(A)-Tail Length Assays and RT-PCR
RNA preparations were from hand-dissected ovaries from which ger-
marium-stage-8 egg chambers or stage-9 and -10 egg chambers were
isolated. PAT assays were performed as described previously (Juge
et al., 2002, Salle`s and Strickland, 1999). RT-PCR reactions were per-
formed as reported previously (Benoit et al., 2002) with the same RNA702 Developmental Cell 13, 691–704, November 2007 ª2007 Epreparations used for PAT assays. RT-PCR reactions were carried out
on serial dilutions of the cDNA templates. PCR from a 1/10 dilution is
shown. Specific primers are in listed in Table S2.
Coimmunoprecipitation Experiments
Immunoprecipitations and RNase treatments were performed as
described by Wilhelm et al. (2000), except that extracts were pre-
cleared against protein-A-Sepharose (Pharmacia) for 60 min at 4C,
and, after washing, bound proteins were eluted by boiling in Laemmli
SDS sample buffer. For every 10 mg soluble ovarian protein extract,
80 ml a-Bic-C sera or preimmune sera was used.
RNA-Binding Assays
N-terminal GST- or His6-tagged, full-length, recombinant Bic-C were
expressed in E. coli Rosetta-gami B (Novagen) or S2 cells, respec-
tively, and affinity purified on glutathione-Sepharose 4B (Amersham)
or nickel nitriloacetate agarose (Ni-NTA, QIAGEN), respectively. For
EMSA, Bic-C RNA probes were transcribed in the presence of
a-32P[UTP] from templates amplified from Bic-C cDNA or genomic
DNA with oligonucleotides that introduced a T7 promoter. Transcripts
corresponding to nt 1–60, 49–171, 172–284, 279–400, 410–546, 546–
705, and 688–897 of our Bic-C cDNA (representing the 50UTR) and
nucleotides 3116–3831, 3808–4037, 3916–4145 (to represent the
30UTR, which extends 108 nt downstream of the originally identified
Bic-C 30 end) were prepared and used in these assays. Primer se-
quences are given in Table S2. EMSA was performed as described
(Gamberi et al., 1997), except that incubations were performed at
room temperature and the gels were run in 0.53 TBE at 4C. For super-
shift experiments, a-Bic-C was affinity purified against immobilized
MBP-Bic-C, concentrated by ultrafiltration, and titrated empirically.
a-GST was used at 2 mg/ml.
Recombinant Protein Expression and In Vitro Binding Assays
To generate GST-NOT3/5-His, the NOT3/5 ORF was amplified from
EST clone LD13864 with Platinum Pfx DNA polymerase (Invitrogen)
by using primers containing EcoRI sites. The PCR product was cloned
into pGEX-2T-His (GE Healthcare). To generate MBP-Bic-C, the Bic-C
ORF was amplified from cDNA with Pfu DNA polymerase (Promega)
with a forward primer containing an XbaI site and a reverse primer
containing a SalI site and cloned into pMAL-C2 (NEB).
Recombinant proteins were expressed in Rosetta-gami B cells
(Novagen). Overnight cultures were diluted 1:10 and grown at 37C un-
til OD600 = 0.8, and expression was then induced overnight at 18
C
with 50 mM IPTG. MBP andMBP-Bic-C were purified on amylose resin
(NEB). GST-His and GST-NOT3/5-His were purified by His-Spin
Protein Minipreps (Zymo Research).
To test binding, 5 mg GST-NOT3/5-His was incubated with an
excess of MBP or MBP-Bic-C, prebound to 80 ml amylose beads
(NEB), in 0.6 ml MBP column buffer (20 mM Tris [pH 7.4], 200 mM
NaCl, 1 mM EDTA) for 6 hr at 4C. Beads were then rinsed five times
with 1ml column buffer and eluted in Laemmli buffer. For the reciprocal
experiment, equimolar amounts of GST-His (2 mg) and GST-NOT3/
5-His (10 mg) were each prebound to 30 ml glutathione Sepharose
(GE Healthcare) in MBP column buffer. An equivalent amount of
MBP-Bic-C (10.6 mg) was then incubated with both samples for
4.5 hr at 4C in 0.4mlMBP column buffer. Beads were rinsed five times
with 1 ml column buffer, and bound proteins were eluted in Laemmli
buffer. Western analyses were performed on 10% of each sample
with a-GST (GE Life Sciences) or a-MBP (NEB) as directed by the
manufacturers.
Supplemental Data
Supplemental Data include two tables and an additional description
of Experimental Procedures and are available at http://www.
developmentalcell.com/cgi/content/full/13/5/691/DC1/.lsevier Inc.
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